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2called sojourn expansion whose higher-order terms cover
subsequent escapes and returns to P700 [5].) Thus, the
charge-separation rate is not needed in the model, and
the transfer rates from P700 to the other chlorophylls

































for j 62 P700
0 for j 2 P700
:
(2)
From the master equation (Eq. 1) we derive a backward
master equation which is used for calculating the mean
rst-passage time [11, 12]. Since excitation migration is a
Markov process, the probability P
ij











(t   s) (3)
for an arbitrary intermediate time s (0< s< t). Taking




























(t  s) : (4)


















(t  s) = Æ
ij
.
In the model constructed above, excitation can exit
the system by two means: the delivery to P700 and dis-
sipation. We emphasize again that we only consider rst
passages to P700. Thus, it is convenient to consider a
subsystem of 94 chlorophylls, excluding the P700 pair of



























where Greek subscripts indicate that the P700 chloro-
phylls are not included. The 9494 transition matrix
K

is obtained from the original 9696 transition ma-
trix K
ij
by eliminating the rows and columns belonging
to the P700 chlorophylls.
Consider an excitation initiated at chlorophyll  at
time zero. The probability that the excitation reaches















is the transfer rate to P700
from chlorophyll . Thus, the (conditional) mean rst-
passage time 

, namely the average exit time given that
the exit has occurred through a delivery to P700 (not



































is the total probability that the excitation is
eventually delivered to P700. Since the excitation may be
dissipated before it reaches P700, 

is less than one and
the denominator in Eq. 8 is necessary for normalization.






























































=0 for i2P700) is a
natural measure of the progress in the excitation migra-
tion towards the P700 pair [9]; chlorophylls associated
with shorter mean rst-passage times are closer to the
target (P700) in the migration process. As suggested in
Ref. [9], we construct excitation migration paths accord-
ing to the scheme that a path going through chlorophyll







maximized. The resulting paths can be considered rep-
resentative because the mean rst-passage time 
i
is an
average over all events of the excitation migration from
chlorophyll i to P700. For a transfer step from chloro-
phyll i to chlorophyll j, the quantity 1=T
i!j
may be in-




as a gain. The scheme
then amounts to maximizing the gain-cost ratio for each
step.
Results and Discussion
The above method yields the mean rst-passage
time and the paths shown in Fig. 1. The 96 chloro-
phylls are sorted in the order of increasing mean
rst-passage time and are listed in Fig. 1(c). The
excitation migration paths shown in Fig. 1(a) exhibits












1 eC-A1 25 A27 49 B14 73 A11
2 eC-B1 26 B25 50 B1 74 B10
3 eC-B2 27 B34 51 B33 75 A21
4 eC-A2 28 A32 52 B2 76 B21
5 eC-A3 29 X1 53 A4 77 B20
6 eC-B3 30 B27 54 A2 78 A19
7 B39 31 A5 55 A28 79 B16
8 A40 32 B7 56 B15 80 A20
9 A38 33 L2 57 B26 81 B19
10 A39 34 B5 58 A29 82 B18
11 B38 35 A31 59 A25 83 J3
12 B37 36 J2 60 A3 84 L1
13 J1 37 A30 61 B11 85 A8
14 B29 38 L3 62 B13 86 B8
15 B6 39 A1 63 A33 87 A12
16 B30 40 B23 64 A16 88 B17
17 B24 41 A36 65 A34 89 A10
18 B35 42 A37 66 A23 90 A18
19 A26 43 B4 67 A22 91 B9
20 A7 44 B31 68 B12 92 K2
21 A6 45 B32 69 A15 93 A13
22 B36 46 A24 70 PL1 94 A14
23 B28 47 A35 71 A17 95 A9



























































































FIG. 1: Mean rst-passage time and pathways of excitation migration in PSI. (a) The chlorophylls, projected onto the
membrane plane, are denoted by circles color-coded according to the mean rst-passage time to the P700 pair. The excitation
migration paths constructed based on the mean rst-passage time are shown as arrows. (b) The mean rst-passage time is
plotted in the increasing order. The color-code scheme is the same as in (a). (c) The chlorophylls are sorted in the order of
increasing mean rst-passage time. The nomenclature (eC-A1, etc) follows Ref. [3]. `Red chlorophyll' candidates are marked
with red dots in (a) and (c).
4a network without an apparent order, as expected
from the arrangement of the chlorophylls. There are
various paths, including six direct paths to P700 (from
chlorophylls eC-A2, eC-B2, A24, A26, B5, and B24)
and the most complicated path composed of nine
steps (A21!PL1!A22!A30!B37!B38!B39!eC-
B3!eC-A2!eC-B1). We here emphasize again that
excitation does not necessarily follow these paths, but
that they should be understood as representative paths.
As can be seen from Fig. 1(b), most of the chloro-
phylls (9th to 96th) have mean rst-passage times around
or above 10ps, with the average over all being 12.5ps.
Chlorophylls A40 and B39 lie between these peripheral
chlorophylls and the reaction-center chlorophylls which
coincide with the six chlorophylls with the shortest mean
rst-passage times. This supports to a certain extent the
suggestion that chlorophylls A40 and B39 connect the
reaction-center chlorophylls and the peripheral chloro-
phylls [3]. But, among the found excitation migration
paths to P700, many go through neither chlorophyll A40
nor B39. Therefore, these two chlorophylls are not the
only connection between the reaction center and the pe-
riphery, and should not be considered as bottlenecks.
The last chlorophyll in Fig. 1(c), chlorophyll M1, raises
a question as its mean rst-passage time (18.8ps) is much
longer than the second longest one (15.6ps). This does
not imply that excitation is trapped at this chlorophyll;
18.8ps is still much shorter than the dissipation time of
1 ns. But, it seems inappropriate that one chlorophyll is
located relatively farther from the rest. PSI exists as a
trimer in vivo [3, 13] and chlorophyll M1 lies close to the
boundary between monomers. By computing the elec-
tronic couplings between chlorophyll M1 and the chloro-
phylls in the next monomer, we nd that chlorophyll M1
is coupled to chlorophyll A30 in the next monomer with
the coupling of 52.9cm
 1
, which is much stronger than
the strongest coupling it has within its own monomer
(6.7 cm
 1
with B8). Chlorophyll M1 functionally belongs
to the next monomer, not its own monomer.
In PSI, it is experimentally known that seven to eleven
chlorophylls absorb light at longer wavelengths than the
special pair P700 [14, 15]. These `red chlorophylls' have
not been identied with certainty, but some candidates
(marked with red dots in Figs. 1(a) and (c)) have been
proposed [3, 4, 5, 6]. Most of the candidates are found
to be located rather close to P700 in terms of not only
spatial distance but also the mean rst-passage time.
Chlorophylls A38, A39, B37, and B38 have the shortest
mean rst-passage times among peripheral chlorophylls
(except for B39 and A40). With regard to the represen-
tative paths shown in Fig. 1(a), chlorophylls A24, A32,
A38, B22, B24, and B26 are one step away from the
reaction-center chlorophylls, and chlorophylls A39, B6,
and B38 are one step away from the `connecting chloro-
phylls', A40 and B39.
In conclusion, we have found representative paths of
excitation migration in PSI based on mean rst-passage
times. The mean rst-passage time and the paths provide
a complete yet distilled picture of the excitation migra-
tion towards P700 as illustrated in Fig. 1. We expect
that our methodology will be useful for various light-
harvesting complexes as more of their high-resolution
structures become available.
Acknowledgments
This work has been supported by National Institute of
Health grant PHS 5 P41 RR05969.
[1] R. E. Blankenship, Molecular Mechanisms of Photosyn-
thesis (Blackwell Science, Malden, MA, 2002).
[2] X. Hu, T. Ritz, A. Damjanovic, F. Autenrieth, and
K. Schulten, Quart. Rev. Biophys. 35, 1 (2002).
[3] P. Jordan, P. Fromme, H. T. Witt, O. Klukas,
W. Saenger, and N. Krau, Nature 411, 909 (2001).
[4] M. Byrdin, P. Jordan, N. Krau, P. Fromme, D. Stehlik,
and E. Schlodder, Biophys. J. 83, 433 (2002).
[5] M. K. Sener, D. Lu, T. Ritz, S. Park, P. Fromme, and
K. Schulten, J. Phys. Chem. B 106, 7948 (2002).
[6] A. Damjanovic, H. M. Vaswani, P. Fromme, and G. R.
Fleming, J. Phys. Chem. B (submitted).
[7] R. Elber, in Recent Developments in Theoretical Studies
of Proteins, edited by R. Elber (World Scientic, Singa-
pore, 1996).
[8] J. E. Straub, in Computational Biochemistry and Bio-
physics, edited by O. M. Becker, A. D. MacKerell, Jr,
B. Roux, and M. Watanabe (Marcel Dekker, New York,
2001).
[9] S. Park and K. Schulten, physics/0207005.
[10] T. Ritz, S. Park, and K. Schulten, J. Phys. Chem. B 105,
8259 (2001).
[11] W. Nadler and K. Schulten, J. Chem. Phys. 82, 151
(1985).
[12] C. W. Gardiner, Handbook of Stochastic Methods for
Physics, Chemistry and the Natural Sciences (Springer-
Verlag, Berlin, 1985), 2nd ed.
[13] E. J. Boekema, J. P. Dekker, M. G. van Heel, M. Rogner,
W. Saenger, I. Witt, and H. T. Witt, FEBS Lett. 217,
283 (1987).
[14] L.-O. Palsson, C. Fleming, B. Gobets, R. van Grondelle,
J. P. Dekker, and E. Schlodder, Biophys. J. 74, 2611
(1998).
[15] V. Zazubovich, S. Matsuzaki, T. W. Johnson, J. M.
Hayes, P. R. Chitnis, and G. J. Small, Chem. Phys. 275,
47 (2002).
